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PRELIt41NARY DESIGN AND BEAH-DYNAMICS STUDY OF A
FUNNELING LINE HAVING LOW EMITl+~’CE GROWTH

F. W. Guy, AT-1, MS H817
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

A theoretical design study has resulted In a conceptual
funnellng-llne design that has a transverse em:ttance growth llmlted
to only 15% based on beam-dynamics calculations. Two 2-F!eV, 100-mA
proton beams are funneled from a two-channel, 212.5-MHz radlo-
frequency quadruple (RF())to a slnqle beam suitable for Injection
Into a 425-MHz llnac. The design uses permanent-magnet quadruples,
dipoles, and combined-function elements. The low emlttance growth
Is obtained by arranging the focusing strength, the perlodlc struc-
ture, and the bending elements so as to mlnlmlze abrupt changes In
the beam environment w~th consequent charge redlstrlbutlon and
sDace-charge-caused emlttance growt!t.

INTRODUCTION

Funnellng llnes In which two bun’hed beams of current I and
bunch separation (JA are merged Into a single beam of current 21 and
bunch separation BA/2 may be advantageous for a number of different
applications. For some of these Oppllcatlons, emlttance growth must
be kept to a mlnlmum. Insights galned from a previous funnellng-
Ilne design study,l recent advances In beam-dynamics theory,J and
RFQ design experience at Los Alamos have provided a better under-
standing of space-charge-induced emlttance growth and have shown the
necessary Ingredients and llmltatlons to obtain low-emittance-growth
funnellng- and transport-llne designs. :;11spaper presents SUC? a
design and gives the :es~lts of a beam-dynamics study, Although the
design Is not optlmlzed, the calculat.lonal results I
emlttance growth can be controlled.

DESIGN UONSIDLRATIONS

Bongardtl has reDorted the results of a funne’

ndlcate that

Ing study com-
pleted for the German” Spallation Neutron Smrce. Bongs-rdt’s ‘llne
was designed to funnel lf)O-mA beams of 2-MeV protons from two
1OU-MHZ RFI)s Into a 200-MHz llnac. The average transverse emlttance
growth in the entire line, Including kickers and dlagnostlcs, was
cf/cl = 2.4. Bongardt concluded that much of this growth was due to
the change In particle dlstrlbut~on as the beam adapted Itself to
the funnellng llne. Wanglera showed how this occurs; the charge
distribution changes rapidly If space-charge forces are not in equl-
llbrlum with external focus~ng forces, and th~ residual field energy
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for nonuniform beams (tne nonllnear field energy) can be transformed
to transverse energy of the particles, causing emlttance Increase.

If the focusing strength or the perlodlcity (as seen by a beam
traversing the various elements of a funnellng or transport llne)
varies so that the average radius of the beam changes, the beam
charge dlstrlbutlon also wI1l change as the space-charge forces seek
a new equlllbrlum with the focusing forces. This change In charge
dlstrlbutlon results In emlttance Increase. Thus, we see that if
the beam environment (the average focusing and bending strengths and
perlodlclty In the llne) could be kept constant, then space-charge-
Induced emlttance growth could be mlnlmlzed. We assumes that changes
in the beam environment, If unavoidable, should be as gradual as
possible to try to approach an adlabatlc redlstrlbutlon of charge.

Other causes of emlttance growth are energy dispersion In bend-
ing elements, spatial nonllnearltles of external magnetic and elec-
trlc fields, and the sine-wave time dependence of bunchllg and de-
flecting electric fields. The effect of most of these can be reduced
by mlnlmlzlng beam size In all three dimensions. A small beam radius
reduces the effect of nonlinear fields In quadruples, bending di-
poles, and rebunchers. A short bunch keeps particles In the llnear
portion of the sine-wave rebuncher flelcl and reduces dispersion
‘aused by the deflecting field In rf deflectors.

In the design presented in this paper, the goal was to keep the
focusing strength and perloulclty of the funnellng llne the same as
the preceding RFQs; this goal was met or,?ypartially. The line was
cleslqned to keep beam dimensions as small as possible. Mlthln the
bending elements, bunch charge redlstrlbutlon associated with dls-
per~ion was reducad (1) by using a two-channel RFQ with output beams
separated by 2.4 cm to substantially reduce bending from that neces-
sary for two completely separate RFOS and (2) by distributing bend-
ing throughout the llne. No space allocation was made for dlagnos-
tlcs; space could be made avallabler but It would be necessary to
maintain focusing strength and periodlclty to avoid excessive emlt-
tance growth.

LINE ELEMENTS

A schemat~c drawing of the funnellng llne studled Is shown In
Fig. 1. Parameters of the line elements are given in Table I. The
llne Is 21.5 cm long and consists of two periods. Input beam param-
eters wereeprovlded by an unpublished RFQ design study by Uangler
and Mills. Their design would operate at 212.5 MHz and would pru-
duce a 100-mA beam of 2-HeV protons with an average transverse nor-
malized rms emlttance of 0.022 =Ccmomrad, Jn this study, I assumed
that the two RFQ output beams would be Identical excvpt that the
bunches would be 180° out of phase, which would be accomplished by
proper phas~ng of the vane or rod modulations In es-h RFQ beamllne.

—— -.—-—
*This ~nformatlon supplied by T. P. Wangler and R. S. Mills,
Al-1, 10S Alamos Nattonal Laboratory.
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Table 1. Beamllne elements

—- .—

1,

2.

?. .
4,
5.
6.
7.
8.
9.
10.
11.

12.

13,

Drift, 0.7 cm long
Dipole, 0.6 cm long, -1,69” bead, 10 000 G
(All dipoles and quadruples are permanent magtlets)
Defocusing quadruple, 2.0 cm long, 20 000-G/cm field gradlent
Dipole, 0.6 cm long, -1.69” bend, 10 000 G
Rebuncher, 1.4 cm lorlg,0.12-MV peak voltaqe, 425 MHz
Dipole, 0.6 cm long, -1.69° ber,d, 10 000 G
Focusing quadruple, 2.0 cm lonq, 24 000-G/cm field qradlent
Dipole, O.b cm long, -1,69° b~nd, 10 000 G; a “double dipole”
Rebuncher, 1.4 cm long, 0,04-MV peak voltage, 425 MHz
Defocuslnq quadruple, 2.0 cm long, 7 000-G/cm field gradtent
Defocusing quadruple, 4.0 cm long, 10 000-G/cm field gradient
(The preceding two quadruples bend the beam a total of +3.9”)
Drift, 1.0 cm long
Comblnatlon element, 4,6 cm long:
a. Focu>lr,q quadruple, 12 000-G/cm field Uradlent
b. Rf deflector, 6.5-MV/M peak voltage, 212.5 MHz; +2.06” bend



Olmenslons of the magnetic elements and of the beamllne por-
tions of the rf elements are shown to relative scale In Fig. 1.
Inductive portions of the rf elements are not shown because their
configurations have not been deterrnlned. All magnetic elements In
the llne are permanent magnets; dimensions of these elements are
calculated from the formulae given by F!albachd subject to the condi-
tions that (a) the rr?aterlalremanant field Br = 12 kG, (b) the maxi-
mum pole tlp field Is 10 kG, and (c) the magnets are each composed
of eight segments of permanent-magnet material.

The first period of the line Is 1 13A (9.2 cm) long. It con-
sists of a defocusing quadruple, a focusing quadruple, four
dipoles distributed along the line to bend the beam tow~rds the
final axis, and two 425-MHz, two-channel rebunchers to compress
the bunch longitudinally. It Is necessary to operate the rebunchers
at 425 MHz because bunches transit the rf gaps at this frequency,
passing alternately through the two channels. The bunch Yength
must be reduced about a factor of 2 along the length of the funnel-
ing llne to match the beam to the followlng llnac because the fre-
quency of the linac Is twice the frequency of the RFQs. The period
ends at the center of the second rebuncher. The element axes, ln-
cludlng the rebuncher channel axes, are centered on the Individual
beam paths. The first quadruple of the funne”llng line Is defocus-
ing In the x-plane (the plane of the bends) and focusing In the
y-plane to match the RFQ output, The beam Is bent Inward 1.69° at
each dipole. There Is not enough separation between the beams at
the last dipole to permit Implementation of conventional design pro-
cedures. Therefore, a combined dipole magnet (the “double dipole”
In Fig. 1) slmllar to the “septumless septum magnet” suggested by
Halbach* Is used. The double dipole Is shaped llke a figure eight
without a center bar rather than llke the circle of the normal
permanent-magnet dipole. The separation of the bending and focusing
functions Into dlstlnct components Is convenient for calculatlonal
purposes and may be the best way to construct the actual magnets.
The bending function also could be done by offsetting the quadru-
ples from the beam axes or by Including a dipole component In the
quadruple when the magnetic segments are speclfled, manufactured,
and assembled. Apertures along the first period are 0.4 cm, as
shown by dotted llrtesIn Fig. 1

The second-period component ~xes are centered on the final out-
put beam axis. The first element in this period Is a combination
of permanent-magnet defocusing quadruples that provide as much
focusing strenoth as possible while simultaneously deflecting tfie
beam back toward the dlrectlon of the final axis. The beam exits
this elem~nt w~th proper angular dlrectlon (x’) and x-offset from
the axis to ~ntersect the axis In thr center of the n~xt element,
which Is a comblncd permanerit-maynet focusing quadruple and rf
electrlc-field deflector. In the combined element, the beam Is

*This Information was supplied by K. Halbnch, Unlverslty of
Callfornla, Lawrence Berkeley Laboratory, Berkeley, CA 94720,



focused In the x-dlrectlon and deflected along the output z-axis.
The deflector operates at 212.5 MHz to provide the proper alternat-
ing deflection angles for bunches coming alternately from the two
Input llnes. Apertures In the second period vary to accommodate tt’e
changing offset of the beam from the beamllne. Separatlm between
the rf deflector plates Is 0,8 cm; therefore, the final radial aper-
ture Is 0.4 cm. Ideally, this s~cond period should be 9.2 cm long
to malntaln constant perlodlclty. However, the length of the rf de-
flector along the beamllne IS bk/2 (4.6 cm) to maxlmlze available
deflection for a given peak electrlc field and to minlmlze the
effect of fringe fields at the ends of the element. The defocusing
quadruple combination plus the following drift space is 7 cm long
to obtain the proper beam trajectory. Halt the length of the second
rebuncher, 0.7 cm, Is Included In the second period. Therefore, the
total length of the second period Is 12.3 cm. The average focusing
strength Is less than In the first period. although focusing should
really be stronger than In the first period to balance the higher
space-charge forces resu-rting from longitudinal compress~on of the
buncn. Better techniques for calculating the beam trajectory and
deslgnlng the magnets may allow a reduction of the length of the
period and an Increase In focusing strength. It Is important not
to disturb the charge dlstrlbutlon of the beam; possibly the distri-
bution can be kept constant by proper combinations of period length
and focusing strength.

There are several elements In this design that have not been
used before. A two-channel RF()has not yet been demonstrated, but
there seems to be no obvious reason as to why It should not pcrfom
as well as a conventional RFQ. The permanent-magnet dipoles and
first-period quadruples are very small but should present no un-
expected problems because the field requirements are not extreme.
Hi~;her order multlpoles In the permanent magnets wI1l probably be a
few per cent at the radius of the aperture, and this should not have
a lhrge effect on emlttance growth. The two-channel rebunchers may
prerent a design challenge in that they must flt into a very small
length of beamllne and must accorrrrrodatetwo angled beams with t~e
mlnlmum possfble field nonlinearity. The amount of field nonllnear-
Ity In the rebunchers has not been Investigated.

Ihe rf deflector surrounded by a focusing quadruple Is proba-
bly the highest risk component. The combination of deflecting and
focusing functions was Influenced by the deslrablllty of a 01/2
deflector and the simultaneous requirement of strong focusing. The
final design of this element may not look llke the conceptual sketch
In Fig. 1. There have been only preliminary discussions and Ideas
concerning coupllng the rf power, mlnlmlzlrrg electrlc-field nonllne-
arltles and edge effects, controlling sparking and multlpactorlng,
and keeping heating to an acceptable lev~l,

BEAM-DYNAMICS CALCULAT:DNS AND RESULTS

Ihe beam-dynamics cdlculatlon was performed on the partlcle-
tr~cklng code PARMILA. A 3-D space-charge subroutine was used so
tnat the off-&xls beam (which is not expected to be round) could be



calculated properly. No beam-beam or bunch-bunch InteractIons were
Included; these effects are expected to be small and can be easily
Included later, If desired. No Image-charge effects were included.
Also, no spatial nonllnearl:les were Included In the magnetic or
electrlc fields because these were unknown. Included In the calcu-
lation were the temporal nonlinearity In the rebuncher voltages and
phase-angle-dependent and energy-dependent dispersion In the rf
deflector. The effect of the rf deflector would actually occur
over the entire length of the element; but in the calculations, the
effect was applied as an angle Impulse to each particle at the cen-
ter of the element. This caused a small error that car be corrected
by a more sophisticated combination deflector-quadrupole subroutine.

The funnellng-llne Input beam was obtained by taking Indlvldual
output particle coordinates from the RFQ calculation. The RF()emit-
ted 329 macropartlcles and none were lost In the funnellng-llne cal-
culation. In the first period, 100% of the macropartlcles remained
within a radius of 0.28 cm and 90% remained within 0.2 cm; In the
entire llne, 100% of the macropartlcles remained wlthln 70% of the
aperture radius and 90% remained wlthln 50% of the aperture radius.
A run using the RF()beam-ellipse parameters with an Inltlally spa-
tially unlfonn bunch of 5!)0macropartlcles gave practically the same
results for the beam envelope and emlttance growth.

Beam envelopes and emlttances are shown In Figs. 2 and 3. A
llne diagram Is shown at the bottom of these flg[!res. The quadru-
ples are dlvlded I]lto short sections for calculatlonal purposes.
The transverse envelopes are fairly constant In the first period but
vary in the second; the transverse emlttances show llttle change In
the rlrst period and then Increase In the second. If the envelope
varlat~ons In the second per!od could be reduced, perhaps this in-
crease could be controlled, as discussed previously. There Is a
small jump In the x-emlttance at the position of the rf deflector
that Is correct In magnltuc!e but should be dlstrlbutcd over the
length of the deflector. The longitudinal or z-emlttance shows
jumps at the rebunct’ers (caused by the nonlinear longitudinal
fields) and variations In the bending elements, These variations
have not yet been fully analyzed !~titare belleved to be caused by
the mlxlng that bending elements Introduce between longitudinal
and transverse phase space, Z-emlttances are shown In units of
s-cm-mrad for direct comparison with transverse emlttances.

The bunch length Is reduced by less than a factor of 2 by the
time the bunch enters the rf deflector. 13unchlng causes longitudi-
nal emlttance growth because the bunch Is twice as long In phase
angle In the 425-MHz rebunchers as In the 212.5-MHz RFQ. In future
RFQ designs, If the bunch compression could be Inltlated In the last
part of the RF(),then the bunch collldbe short~r In the rebunchers,
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thereby reducing the z-emlttance growth In these elements. A
shorter bunch In the rf deflector would reduce the x-emlttance
growth there.

The transverse emlttance increase averaged over the two trans-
verse planes In this calculation was 15%, and the final longitudinal
Increase was 4%. Part of this Increase may have been because of the
small number (329) of macroparticles In the 3-D space-charge calcu-
lation. Too few macropartlcles causes unphyslc~l small-scale lumpl-
ness In the charge distribution that results In artificial Increases
In the transverse particle velocities. There Is another way of
looklng at this effect: If two macroparticles happen to approach
each other closely, they wI1l repel each other violently, causing
large veloclty changes and emlttance growth; whereas, the actual
partlclcs would be subjected to a more gentle repulsion as they
drift Into regions of higher charge density and would therefore not
change velocity as much. Habers has called this effect “colllslonal
emlttance growth.” Using a larger number of macropartlcles In both
the RFQ and the funnellng-line calculations wI1l help to quantify
this effect as well as to reduce the (probably fairly large) statis-
tical uncertainty.

CONCLUSIONS

The funnellng llne presented In this paper gives an encourag-
ingly low emlttance growth based on beam-dynamics calculations. The
study Is prellmlnary, with the followlng shortcomings:

● Some of Its elements may be dlfflcult or impractical to
construct exactly as they are envisioned here.

● The beam-dynamics calculations are not as complete or
extensive as ti~eyshould be.

9 There are certain effects (such as the relatlon between
focusing strengths, perlodlclty, beam radius and charge
dlstrlbutlon) that ~hould be setter quantified.

Nevertheless, these results have confirmed some Ideas about how
emlttance growth can De controlled, Energy dispersion In bending
elements and phase-difference-induced dispersion In rf deflectors
can be mlnlmlzed by mklng the bends as small as possible. Phase-
difference-induced dispersion in rf deflectors can also be reduced
by compressing the bunch longitudinally (this compression Is neces-
sary for matching the bunch to a followlng llnac In which the fre-
quency has been dcubled). The radius of the beam should be kept
small by h~gh focusing strength so that It wI1l remain In the llnear
portion of the focusing, bending, and rebuncher fields. Most im-
portant of all, space-charge-induced emlttance growth (which usually
dominates In high-current beams) can be mlnlmlzed by malntalnlng,
as nearly us possible, constant focusing and bending strength and
pe~lodlclty. The success of these Ideas, at least In this simula-
tion study, has Improved our understanding of the causes of emlt-
tance growth and has allowed us to design a low-emlttance-growth
funnellng llne.
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